Two lidar methods of determining an atmospheric extinction coefficient profile are compared. The methods are the Klett inversion method for elastic lidar return and the log-derivative method for rotational Raman backscattered signal processing. The comparison includes numerical modeling and processing of lidar measurements when both the elastic and the rotational Raman backscattered signals are measured simultaneously. The suggested idea is that such a comparison can be used as a criterion for the reliability of the results of lidar measurements, similar to the comparison between the results of lidar and contact measurements.
Introduction
Until now the Klett inversion method for elastic backscattered lidar return processing and its improvements has been considered a basic method for lidar determination of the atmospheric aerosol extinction profile.1-3 Because the concentration and other physical parameters of the aerosol component of the atmosphere fluctuate in an unpredictable way, there are two major setbacks associated with this method: first, the necessity of determining both the aerosol backscatter and the aerosol extinction coefficients from a single lidar return, i.e., from a single lidar equation; and second, the necessity of establishing boundary conditions or a reference value for the extinction coefficient xaref in the far end of the measured profile. In the general practice of lidar measurements this necessity can be fulfilled only by a priori information or reasonable assumptions, or, concerning aref, by using estimations based on the same elastic lidar return. The Raman lidar return signal is determined by the molecular components of the atmosphere, and in the lower troposphere it is affected only by the aerosol extinction. Detection and processing the profile of this signal permits the 0003-6935/92/306469-06$05.00/0. The possibility of determining the extinction coefficient from the pure rotational Raman scattering (RRS) lidar return follows from analysis of the RRS lidar equation. By taking the logarithm of the ratio of two RRS lidar returns P(H) and P(H + AH) from two adjacent space samples, both with duration AH and placed at altitudes (distances) H and H + AH respectively, we can write the extinction coefficient a(H) as in Ref. 4 :
This treatment is called the log-derivative method. In Eq. (1) a[T(H)] is the molecular RRS cross section for nitrogen and oxygen, n(H) is the molecular number density of nitrogen and oxygen, and T(H) is the temperature. To obtain Eq. (1) we assume that the lidar overlap function does not depend on the distance H, that the values of the laser and the RRS wavelengths XO and XR are close, and that the extinction is determined essentially by the aerosol content if Xo is in the region of the visible spectrum. When a vibra-tional Raman line is detected, either from nitrogen or from oxygen (as in Ref. 5) , the number 2 in the denominator of Eq. (1) is replaced by 1 + X 0 I/X because of the wavelength dependence of the aerosol extinction coefficient; if molecular scattering is considered, this expression will be 1 + Xo 4 /Xu 4 ; X is the wavelength of the vibrational Raman line [see Eq. (7) of Ref. 5] . When analyzing these two methods, we find that questions appear about their advantages and disadvantages, and the compatibility of their results. The idea in this paper is to present a treatment of these questions based on numerical modeling and lidar experiments. 
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Numerical Experiment
An initial comparison between the log-derivative and 
For standard atmosphere the factor cr[T(H)] / a[T(Ho)] is close to 1 and can be neglected compared with the factor n(H)In(HO). The normalized model S function for the elastic backscatter (which is indicated by the subscript E) is':
In Eqs. nals, a simulated signal noise is added to the modeled S functions, in accordance with the formula
[SN(H) -SN(HO)] = S(H) -S(Ho)
where bPmin is the planned model error of the detected lidar signal in several initial space cells; SN(H) and SN(Ho), and S(H) and S(Ho), are either for SRRs or for
SE.
We choose OPmin = 1% in the first 30 cells. In
Eqs. (1)- (3) the derived log-derivative and Klett extinctions (solid curves). Figure 1(a) presents the log-derivative extinction with a twofold sliding average procedure for the extinction over five adjacent space cells. Figure  1 (b) presents the log-derivative extinction with a tenfold sliding average. The Klett extinction coefficient profile in Fig. 2 is derived for aref = am = 0.2 km-', i.e., the boundary value of aref is identical to the input model value aM. The normalized model S functions without and with the additive noise are presented in Fig. 3(a) for the RRS lidar return and in Fig. 3(b) for the elastic lidar backscatter. The aerosol extinction coefficient is determined from the elastic and RRS return S functions by using both the Klett and the RRS methods. As can be seen from Eq. (1) the log-derivative procedure is sensitive to small fluctuations of the RRS S function. This takes place for the part of the profile beyond the model cloud layer and leads to a large deviation of the determined profile from the model profile for a low signal-to-noise ratio. Thus, in order to determine the extinction coefficient, we apply a moving average over five adjacent space samples: onefold for the RRS S function and onefold or twofold for the determined log-derivative extinction coefficient profile. The determined log-derivative extinction profile is compared with the model one and with the Klett extinction profile. This comparison is based on regression analysis. The calculated statistical characteristics serve as criteria for establishing the certainty and the reliability of the employed mathematical procedures. Figure 4 presents the regression line of the log-derivative extinction coefficient aR versus the model extinction coefficient am. The same is true for aR in Fig. 5 , and the data for aK are those calculated values presented in Fig. 2 .
The values of the statistical parameters of the regressions are given in Table 1 . The significance of the regression line coefficients, correlation coefficients r, and mean values d of the differences aK -aR or am -aR, presented in Table 1 , are determined by null-hypothesis verification procedures, 6 which were carried out for each of these parameters. The parameters F, tr, and td, which show the significance of the coefficients of regression, of the correlation coefficient, and of the mean value d, respectively, are calculated (as in Ref. 6 ) for every particular regression. Their calculated values are compared with the tabulated values for F (Fisher) and t (Student) distributions, Fcrit = 254 and tcrit = 1.96, respectively, with an accepted probability of 95%. The basic affirmation of the null hypothesis is that if F < Frit then the regression is insignificant and the slope of its line is near 0. If F > Fcit then the line of regression is significant with a probability of above 95%. This is also analogous for tr and td.
The linear regression analysis of the model and the determined extinctions lead to the conclusion that the averaging that was used, onefold for the RRS S function and twofold for the determined log-derivative extinction coefficient profile, is optimal. A confirmation of this is the increase in the significance of the regression lines and of the coefficients of correlation when multifold averaging is used. On the other hand, the additional, greater-than-twofold averaging of the log-derivative extinction profiles smooths the aerosol extinction layers, i.e., leads to loss of information for the aerosol distribution, and from that point of view is not optimal.
Lidar Experimental Results
The lidar setup is described in Ref. 4 . In the presented investigation the lidar was equipped with an additional detection channel to measure the aerosol backscattered signal profile. Below we give only the highlights of the system. The lidar has a coaxial optical structure. The telescope is a 14-in. Cassegrain type. The lidar makes use of a CuBr-vapor laser with an average power of 2-3 W at the 510.6-nm laser line and a beam divergency of 0.6-0.7 mrad. The laser pulse repetition rate is 16 kHz. A double polychromator is used to select two parts of the RRS of air for temperature profile measurements, 6 RRS extinction profile measurements obtained by using the log-derivative procedure, 4 and elastic backscattered radiation detection for subsequent implementation of the Klett inversion method. 3 The detection of these three signals is carried out simultaneously by ----------three EMI 9789 QA photomultipliers in a photocounting mode. Data acquisition employs the buffer memory of an 8-bit personal computer that allows signal detection in 256 adjacent space samples with a 15-m spatial resolution, and is started at the ground level by the laser pulse. Data storage proceeds independently for each of the three photomultipliers. The lidar observations were carried out vertically during the night. The data-acquisition time for the presented lidar observations is 20 min. For the log-derivative procedure the sum of the two RRS backscattered signals is used after corrections for the background noise and for the photomultipliers' afterpulses (signal-induced noise). The same corrections should be carried out on the elastic backscattered signal before applying the Klett inversion procedure. The reference extinction coefficient for this procedure is established by the least-squares linear approximation from the S function value for the last five space cells. In the log-derivative procedure the altitude density distribution for standard atmosphere from Refs. 7 and 8 is used. There are systematic errors in the RRS extinction coefficient because of local temperature variations of the atmospheric density and, in a much lesser degree, because of the rotational Raman cross section. 4 Because of these errors a simultaneous lidar measurement of the temperature profile is performed that makes use of the ratio of the two RRS backscattered signals. 9 Examples of measurements of the atmospheric extinction coefficient profile are shown in Figs. 6 and 7. The linear regression of the RRS extinction coefficient versus the Klett extinction coefficient for these measurements is presented in Figs. 8 and 9 . The results from the linear regression analysis for the lidar measurements are also presented in Table 1 .
As is evident, the agreement between the logOct. 24,1988; 10:32 p.m. ment can be used as verification of the reliability of the lidar measurements. In the absence of such an agreement, this reliability is under question and it is not clear which of the methods works better.
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Conclusion
The presented results show that the advantages and setbacks of each method are complementary: a simplicity of the lidar and larger lidar signal, but a necessity for a priori information and assumptions for Klett method. On the other hand, there is no need for apriori information and assumptions for the log-derivative method but a much lower backscattered signal, with the technology presented above, restricts the lidar measurements to nighttime and requires a complicated lidar system.
From the above analysis of the numerical and lidar experiments, it follows that the comparison between the results of lidar extinction measurements on one hand and radiosonde or airborne visiometer measurements on the other, when used as criteria for the reliability of the lidar measurements, can be replaced with a comparison between the results of the two lidar methods. When a good agreement is found in such a comparison, we consider the values of the extinction profiles, measured with the lidar, to be close to the true ones.
